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Abstract
The efficacy of the fungus Metarhizium rileyi (Farlow) Kepler, S. A. Rehner & Humber (Hypocreales: Clavicipitaceae) 
against the fall armyworm Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctuidae) and the impact on the community of 
epigeans predators as well as the natural occurrence of native fungal strains were evaluated after sequential sprays in maize. 
In the first season, the infestation was lower than 0.2 larvae per plant throughout the three fungal sprays and no significant 
difference was observed in the number of infected larvae among treatments. In the second season, insect population reached 
an average of 0.8 larvae per plant between the second and third sprays and the number of larvae succumbed by M. rileyi 
was higher in fungal-treated plots in the following weeks. Molecular characterization of the collected isolates on mummi-
fied larvae revealed the introduction of a new isolate did not eliminate the native strain on the fungal-treated plots. In both 
seasons, the diversity and abundance of predator species in the plots were not affected by any of the treatments. We showed 
that applications of selected strains of M. rileyi early in the season have no significant impact on the occurrence of natural 
enemies in maize.
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Introduction
Noctuid species that attack maize are responsible for sig-
nificant yield losses and the increase in the crop production 
costs in Brazil (Galvão et al. 2015). Fall armyworm (FAW) 
Spodoptera frugiperda (J.E. Smith) (Lepidoptera: Noctui-
dae) is one of the most important agricultural pests around 
the world (Wang et al. 2020), injuring all stages of plant 
development. The reduction in grain yield due to this insect 
attack in Brazil may exceed 50%, depending on the stage of 
the crop and maize genotypes (Cruz et al. 1999; Barros et al. 
2010; Cruz 2010; CEPEA 2019).
The control of FAW in maize production areas in several 
countries has been done with the use of genetically modified 
plants (Bt maize) (ISAAA 2018). The widespread adoption of 
this technology combined with the absence of refuge in some 
regions intensified the evolution of resistance to Bt proteins, 
especially in tropical conditions (Farias et al. 2014; Monnerat 
et al. 2015; Horikoshi et al. 2016). Currently, chemical insec-
ticides are the main tool to control the pest in Bt maize crops. 
In many cases, the incorrect use of these products can cause 
environmental contamination, affect the community of impor-
tant natural enemies in maize, and select resistant populations 
to insecticides (Bernardi et al. 2017; Fernandes et al. 2019). 
According to Bueno et al. (2017), the association of chemi-
cal and biological control requires that chemical insecticides 
have an excellent control of target pests, with the least possible 
impact on the activity of biological control agents. Studies by 
Figueiredo et al. (2006) and Pereira et al. (2005) affirm that 
the use of chemical insecticides with high toxicity and low 
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selectivity in the corn crop can decrease the occurrence of 
natural enemies in this productive system.
Invertebrate-pathogenic microorganisms have been an 
important tool to minimize the negative impacts of the use of 
chemical insecticides in pest control in several crops (Lacey 
et al. 2015; Van Lenteren et al. 2017). The fungus Metarhizium 
rileyi (Farlow) Kepler, SA Rehner and Humber (Hypocreales: 
Clavicipitaceae) is an entomopathogen specialized in lepidop-
terans, especially Noctuidae, and in tropical regions it stands 
out for being highly epizootic (Devi and Prasad 2000). There 
are few reports from other arthropods susceptible to infection 
by this fungus as reviewed by Fronza et al. (2017). The benefits 
of the occurrence of M. rileyi on lepidopteran pests in agri-
cultural systems are recognized and perceived by growers, but 
advances are still needed to understand whether the introduc-
tion of highly virulent strains selected to control caterpillars 
may suppress the native strains as well as their impact on the 
community of natural enemies.
Geographic isolates of M. rileyi fungus may vary in their 
virulence for a given host (Ignoffo et al. 1976a; Ignoffo and 
Garcia 1985; Ignoffo and Boucias 1992; Devi et al. 2003). 
Some models suggest that the intraspecific competition of 
pathogens by a host result in the selection of the microorgan-
ism with superior virulence (Bremermann and Thieme 1989; 
Brown et al. 2002; Schjørring and Koella 2003). Other studies 
show that such competition may favor the infectious process 
of isolates with lower or higher virulence (Staves and Knell 
2010).
The use of molecular tools expands the knowledge about 
the inter and intraspecific variability of entomopathogenic 
fungi used in the microbial control of insect pests (Inglis et al. 
2012), helping to understand the relationship of different iso-
lates and hosts or environment in regional or global scale and 
allowing to monitor their persistence and behavior in areas 
where they were introduced (Enkerli et al. 2004; Enkerli and 
Widmer 2010). The detection of DNA polymorphism by 
molecular markers can help in a better understanding of the 
impact of microbial control strategy against pests since they 
allow identifying the frequency of occurrence of the strain 
released in the field (Han et al. 2002; Zhang et al. 2016). In the 
present study, we evaluated the efficacy of sequential applica-
tions of a selected strain of M. rileyi in the control of FWA in 
maize, the possible impacts of these applications on the com-
munity of epigeous predators and the impact of the sprayed 
strain versus native strains on FAW mortality in field.
Materials and methods
Metarhizium rileyi production and experimental 
area
The strain CG381 of M. rileyi used in the experiments 
was originally isolated from S. frugiperda larvae and it 
is known to be efficient on killing this host (Souza et al. 
2019). The strain is stored in the Invertebrate-Associated 
Fungal Collection at EMBRAPA Genetic Resources 
and Biotechnology in Brasilia, Federal District, Brazil. 
Conidia used in field applications were produced through a 
two-phase system. Briefly, disks collected from 15-day old 
cultures on SMY + agar medium (2.5 g neopeptone + 10 g 
maltose + 2.5 g yeast extract + 2.5 g of agar in 250 mL 
distilled water) were inoculated into Erlenmeyers flasks 
(capacity of 1000 mL) with 250 mL of liquid medium 
(SMY) and remained in a rotatory incubator Benchtop 
Shaker (AmericanLab, model AF—222CF) at 25 °C and 
130 rpm for 5 days. Polypropylene bags containing 75 g 
of parboiled rice (previously soaked with 75 mL of hot 
deionized water for 1 h, autoclaved for 25 min at 120 °C, 
and then cooled down at room temperature) were inocu-
lated with 5 mL of the fermented broth and incubated in an 
air-conditioned chamber (25 °C ± 2 °C and 12 h of photo-
phase) for 10–12 days. After this period, the rice + fungus 
was distributed in trays (1–2-cm layer) and placed to dry in 
a climate-controlled chamber (27 °C ± 2 °C) for 2–3 days, 
during this period the rice + fungus was manually turned 
over three times a day at every 4 h. The fungus was stored 
at − 20 °C until spraying. Conidial suspensions used in the 
sprays were obtained by washing the rice + fungus in ster-
ile aqueous solution of Tween 80® 0.1% v/v or by using 
dry conidia extracted from the rice according to Lopes 
et al. (2020). The viability of conidia extracted from the 
rice was checked before the sprays, by determining the 
percentage of germinated and non-germinated conidia on 
culture medium (SMY + agar) after 24 h and 48 h under 
an optical microscope (400 × magnitude).
The study was performed in Sinop, Mato Grosso, Brazil 
(11°51′S, 55°35′W and 384-m altitude), in the maize crop 
seasons of 2017 and 2018 (February–June), sown after 
soybean harvest. According to Köppen-Geiger’s classifi-
cation, the climate type of this region is Aw (tropical), 
characterized by the presence of two well-defined seasons: 
rainy (October to April) and dry (May to September); with 
an average annual temperature of 24.7 °C and annual pre-
cipitation of 1974 mm (Souza et al. 2013). The soil is 
dystrophic red-yellow latosol, with a clayey texture and 
flat relief (Santos et al. 2018). The non-transgenic maize 
variety (BRS 4103) was sown with 0.5-m row width in 
experimental plots (replicates) of 10 × 25 m in the 2017 
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crop season and 10 × 10 m in the 2018 crop season. The 
experimental design was in randomized blocks, with three 
treatments and five replicates each. The treatments con-
sisted in the applications of the fungus M. rileyi (microbial 
control — M), commercial chemical insecticides (chemi-
cal control), and negative control (C), without the use of 
any control agent against FAW.
Efficacy of M. rileyi against S. frugiperda in maize
Sprays of M. rileyi and chemical insecticides initiated when 
reached the fall armyworm threshold (20% of plants on type 
3 damage), based on the visual evaluation of the leaf damage 
proposed by Davis and Williams (1989). Information about 
precipitation, temperature, and relative air humidity (RH) 
were obtained from Embrapa Agrosilvipastoral weather sta-
tion, located 200 m from the experimental area.
The sprays were performed in the early morning (2017 
crop season) or the late afternoon (2018 crop season) to 
avoid the evaporation or drifts from products due to high 
temperatures and wind speed. In each treatment, three sprays 
were made every 7 days, at the beginning of the crops grow-
ing season. In the chemical treatment, we used the follow-
ing sequence of insecticides: (first spray) Klorpan 480 EC® 
(chlorpyrifos 0.5 L  ha−1), (second spray) Lannate BR® 
(methomyl 0.4 L  ha−1), and (third spray) Premio® (chloran-
traniliprole 0.1 L  ha−1). In the microbial treatment, concen-
trations of 2 ×  107 (2017 crop season) and 2 ×  108 (2018 crop 
season) viable conidia  mL−1 of M. rileyi were applied. The 
surfactant Tween 80® at 0.1% v/v was used to prepare the 
chemical solutions or conidial suspensions. In 2017, sprays 
were performed with a tractor-mounted bar sprayer using the 
fan spray nozzle (model ADGA 02). In 2018, sprays were 
performed with a  CO2 pressurized backpack sprayer using 
the fan spray nozzles (model ADGA 015). In both cases, the 
volume rate per hectare was 200 L with the spray directed 
at the maize rows.
The estimation of FAW larvae infestation began early 
after the emergence of maize, sampling every week two 
points per plot composed of 10 plants. All larvae collected 
in the treated and untreated plots during the weekly evalu-
ations were packed in containers inside thermal boxes and 
sent to the laboratory. The living larvae collected were indi-
vidualized in test tubes containing 5 mL of an artificial diet 
(adapted from Greene et al. 1976) prepared with 1 L of dis-
tilled water, 62.5 g of white beans, 25 g of soybean protein, 
50 g of wheat germ, 31.25 g of yeast, 25 g of casein, 11.5 g 
of carrageenan, 3 g of ascorbic acid, 1.5 g sorbic acid, 2.5 g 
of Nipagin®, 1.66 mL of formalin, 7.5 mL of vitamin solu-
tion, and 0.13 g of Estreptomax®. Then, they were main-
tained at 25 ± 2 °C, 70 ± 10% RH, and 12 h of photophase 
in a climate-controlled chamber and evaluated daily for lar-
vae mortality by the pathogen. Larvae with signs of fungal 
infection (mummification) were transferred to wet chambers 
for the development and reproduction of the pathogen. Lar-
vae from the field with signs of infection were transferred 
directly to wet chambers. The mortality of larvae caused by 
the infection of M. rileyi was confirmed microscopically. In 
both crop seasons, samples (n = 6–10) of infected larvae by 
M. rileyi collected in each of the treatments remained under 
refrigeration for subsequent isolation and purification. For 
fungal isolation, conidia were removed from the mummified 
cadavers with the aid of a sterile needle and inoculated on 
sabouraud maltose agar + yeast extract (SMAY) medium and 
incubated for 9 to 12 days at 25 °C ± 2 °C, 70% ± 10% RH, 
and 12-h photophase. After this period, the conidia of M. 
rileyi were collected with a stainless steel spatula and stored 
at − 20 °C until the performance of studies by molecular 
characterization by ISSR.
Influence of M. rileyi sprays on the abundance 
and genetic diversity of fungal strains infecting S. 
frugiperda
The DNA of the isolates of M. rileyi obtained from lar-
vae collected during the experiment (Table S1) and of the 
isolate CG 381 was extracted following the Raeder and 
Broda (1985) method with some modifications. Approxi-
mately 100 mg of conidium collected from the surface of 
pure fungal culture on SMY + agar, a sterile stainless steel 
microsphere and approximately 500 µL of liquid nitrogen 
were added in microtubes. The microtubes were vigorously 
shaken for 15 s in a cell lysis equipment (TissueLyser II, 
QIAGEN). Then, 750µL extraction buffer was added to 
the microtubes (250 mM NaCL, 200 mM Tris HCL ph 8.0, 
25 mM EDTA, 0.5% SDS) and vortexed. The tubes were 
incubated at 65 °C for 20 min. Subsequently, 475 µL of bal-
anced phenol + 225 µL of chloroform were added and mixed 
to form an emulsion by inversion. The tubes were placed 
in a centrifuge for 5 min at 12,000 rpm. Then, 1 mL of the 
aqueous (upper) phase was transferred to another microtube 
and 600 µL isopropanol was added to precipitate the nucleic 
acids. DNA was again centrifuged for 5 min at 12,000 rpm. 
The pellet was washed with 500 µL of 70% ethanol to 
remove salts twice and placed to dry under vacuum in a 
desiccator. The DNA was suspended in 50 µL of TE buffer 
containing ribonuclease [RNAse] (10 µL  ml−1) and incu-
bated at 37 °C for 30 min. The DNA quality was examined 
with 1.5% agarose gel electrophoresis stained with GelRed 
(Biotium, Hayward, CA, USA) and the quantification of the 
DNA was examined with NanoDrop®.
The procedure using ISSR markers was performed as 
described by Zhang et al. (2016), with some modifications. 
Eight ISSR initiators were used (Table 1). Each reaction of 
15 µL of PCR contained 1 × PCR Buffer, 2.5 mM MgCl2, 
0.24 µM of each Primer, 100 µM of each DNTP, 0.25 U Taq 
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DNA Polymerase, and 10 ng of DNA extracted from each 
M. rileyi isolate and distilled Miliq water. The amplifica-
tion reactions were performed on a Thermal Cycler, model 
T100™, programmed for 35 cycles, 1 min of denaturation 
at 94 °C, 1.5 min of annealing at 48–52 °C and 1.5 min of 
extension at 72 °C. At the end of the 35 cycles, it took place 
the final stage of extension of the reactions, performed at 
72 °C for 7 min. The amplification products were submitted 
to 1.5% agarose gel electrophoresis, stained with GelRed 
(Biotium, Hayward, CA, USA), at a voltage of 45 V for 
3 h, and, then, visualized and photographed under ultraviolet 
light for subsequent analysis of the gels.
The amplified products by ISSR constituted a binary 
matrix built from the presence (1) or absence (0) of vis-
ible bands in the gel of the isolates collected in the 2017 
(Table S2) and 2018 (Table S3) crop seasons. A locus was 
considered polymorphic when a consistent band was not pre-
sent in all individuals in the population, assuming that each 
band represented the phenotype in a biallelic locus (Wil-
liams et al. 1990).
Impact of M. rileyi sprays on the community 
of epigeous predator arthropods in maize
The influence of microbial control strategy on the epigeous 
predator arthropod community was evaluated every 14 days, 
since the maize emergency, using pitfall ground traps in each 
treatment. Traps were made with tubes of polyvinyl chlo-
ride (PVC), buried at ground level and inside the tubes were 
packed polypropylene containers with a capacity of 750 mL. 
Each group received a plastic cover to avoid the effect of 
rainwater accumulation inside the trap. A solution of 250 mL 
of water with two drops of neutral detergent was added to the 
inside of each container to break the surface tension of the 
water and prevent the escape of captured insects.
Two traps were installed in the central region of each plot, 
distanced between themselves at 5 m (2017 crop season) 
or 3 m (2018 crop season), totaling 30 traps in the entire 
experimental area per season. In each sample, the traps were 
remained in the field for 24 h (Hladilek 2003) and the col-
lected specimens were taken to the laboratory for washing 
and storage in containers containing 70% alcohol for future 
identification.
Statistical analysis
The data regarding the percentage of dead larvae by M. rileyi 
(calculated on the basis on the total larvae collected in each 
plot) were analyzed as to their normality and homoscedastic-
ity by Shapiro–Wilk and Bartlett tests, respectively. Then, 
the data were submitted to the variance analysis (ANOVA) 
and the average compared by the Tukey test at 5% probabil-
ity. The analyses were carried out using the R 3.2.2 software 
(R Development Core Team 2013).
Descriptive analyses were performed from the binary 
matrix, including the number of amplified bands (NAB), 
the number of polymorphic bands (NPB), percentage of 
polymorphism (% P), and the polymorphic information 
content (PIC) (Anderson et al. 1993). To characterize the 
genetic variability between the groups constituted by Bayes-
ian analysis, the genetic diversity of Nei (He) (Nei 1978), 
the diversity index of Shannon (I) (Lewontin 1972), and the 
percentage of the polymorphic locus (%P) were calculated 
using the POPGENE 1.32 software (Yeh et al. 2000).
The genetic diversity among and within groups was esti-
mated by AMOVA (analysis of molecular variance). The 
number of permutations was set at 999 for significance 
analysis. The genetic relationships between the isolates 
were visualized through the analysis of main coordinates 
(PCoA), which demonstrates by the graphical representa-
tion the genetic distance between the individuals of a deter-
mined population, allowing the formation of groups. These 
analyzes were performed using the GenAlEx 6.5 program 
(Peakall and Smouse 2012).
Table 1  ISSR primers used 
for the amplification of 
Metarhizium rileyi genomic 
DNA, number of amplified 
bands (NAB), number of 
polymorphic bands (NPB), 
percentage of polymorphism 
(% P), and polymorphic 
information content (PIC)
1 Y = (C/T), S = (C/G), H = (A/C/T), V = (A/C/G)
Primer Sequence1 Annealing 
temperature
Crop season 2017 Crop season 2018
NAB NBP % P PIC NTB NBP %P PIC
M9 TGC(AC)6 50 °C 9 9 100 0.96 12 12 100 0.99
M11 (AG)8GC 52 °C 12 12 100 0.98 11 11 100 1.00
M12 (AG)7CA 52 °C 11 11 100 0.97 13 13 100 0.99
M19 (GA)8YG 52 °C 8 6 75 0.94 10 9 90 0.97
P12 TG(CA)6C 50 °C 12 12 100 0.97 14 14 100 0.99
P24 HVH(TG)7 50 °C 12 12 100 0.95 12 12 100 0.98
P11 (AG)8C 48 °C 12 12 100 0.96 10 10 100 0.99
UBC809 DiAG3′3 48 °C 10 10 100 0.99 10 10 100 0.99
Total 86 84 775 7.72 92 91 790 7.90
Average 10.75 10.5 96.87 0.96 11.5 11.37 98.75 0.98
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The composition of the epigean predator community was 
summarized quantitatively and qualitatively and ordinated 
with non-metric multidimensional scaling (NMDS). A quali-
tative ordering was used with a distance matrix using the 
Sørensen Index of Similarity containing data of presence 
and absence of the predatory arthropod species collected 
in the maize. A quantitative ordering was performed with 
Bray–Curtis Dissimilarity Index distance matrix using the 
sum of the frequency of occurrence of each species. For 
qualitative and quantitative ordination, the first two axes 
generated were used to perform multivariate analyses 
(MANOVA). These analyses were carried out using R 3.2.2 
software (R Development Core Team 2013). Only adult 
arthropods were considered in the analyses due to the dif-
ficulty to identify immature individuals at specific levels.
Results
Efficacy of M. rileyi against S. frugiperda in maize
During the entire experimental period, 1492 larvae were col-
lected. Closely 98% of the total larvae collected belonged to 
FAW. Helicoverpa spp. (15 specimens) and Diatraea sac-
charalis (14 specimens), distributed in all treatments, were 
also collected. All the larvae killed by M. rileyi belonged 
to FAW.
In the 2017 crop season, 737 larvae were collected 
throughout the experiment, 250 in the treatment with chemi-
cal insecticides, 275 in the treatment with M. rileyi, and 212 
in the control treatment. In these treatments, 34 (13.6%), 37 
(13.45%), and 23 (10.84%) larvae infected with M. rileyi 
were found, respectively. No differences among treatments 
in relation to the percentage of dead caterpillars by M. rileyi 
(F2,12 = 0.3808; p = 0.6915) were detected. The infestation 
was low during the period of treatment applications, rang-
ing from 0.05 to 0.27 caterpillars per plant. The highest 
population peaks, regardless of treatment, occurred during 
the reproductive stage of the crop (Fig. 1a). Fungal-infected 
insects were observed after sprays and the highest rates of 
infection occurred with the increase of caterpillar popula-
tion (Fig. 1b). The precipitation throughout the experiment 
period was 757 mm (February–May).
In the 2018 crop season, 755 larvae were collected, of 
which 243 were in chemical treatment, 226 in treatment 
with M. rileyi, and 286 in control treatment. In the plots 
treated with M. rileyi, the percentage of larvae killed by 
this entomopathogen was higher than in the untreated plots 
and treated with insecticides (F2,12 = 4.380; p = 0.0373). In 
microbial treatment, 85 (37.61%) larvae were infected by 
M. rileyi. In chemical and control treatments, 48 (19.75%) 
and 59 (20.62%) larvae died infected by this entomopatho-
gen, respectively. Population peaks occurred in the maize 
vegetative stage, during the period of spraying, ranging from 
0.72 to 0.95 larva per plant (Fig. 2a). The percentage of lar-
vae infected by M. rileyi increased in the following weeks 
after the beginning of sprays, being significantly higher in 
the third (F2,12 = 12.239; p = 0.003) and fourth (F2,12 = 28.48; 
p < 0.05) week after the first spraying on the treated plots 
with the fungus, reaching more than 50% of the collected 
larvae (Fig. 2b). The precipitation was 30% lower than in 
2017 (537 mm); however, the rains were concentrated in the 
first 35 days after maize emergence.
Influence of M. rileyi sprays on the abundance 
and genetic diversity of fungal strains infecting FAW
The eight ISSR primers produced a total of 86 and 92 repro-
ducible amplification products with an average of 10.75 and 
11.50 bands per primer, in 2017 and 2018, respectively. The 
percentage of polymorphism (% P) varied from 75 to 100% 
(Table 1). There was no significant difference between the 
groups in 2017 (P = 0.271) and low genetic differentiation 
(Fst = 0.02). In 2018, a significant difference was observed 
among groups (P = 0.001) and moderate genetic differentia-
tion Fst = (0.11). Most of the genetic variation in both years 
was observed within the groups (Table 2). In 2017, the first 
two PCoA coordinates explained 21.45% and 12.21% of the 
total genetic variation between individuals, respectively. 
None group formations may be noticed. In 2018, the first 
coordinate explained 15.45% of the genetic variation and 
the second coordinate contributed with 12.55% of the total 
genetic variation between individuals. In this season, it is 
possible to notice that the samples, except samples 21 and 
22, from microbial treatment grouped considering the PCoA 
1 (Fig. 3).
The average percentage of polymorphic locus within each 
of the treatments ranged from 70.65 to 94.57% in 2017 and 
from 82.56 to 86.05% in 2018. The Shannon’s information 
index (Is) also indicated higher genetic diversity in the plots 
that received the application of the CG381 strain from M. 
rileyi in the 2018 (Table 3).
Impact of M. rileyi sprays on the community 
of epigeous predator arthropods in maize
A total of 3199 predatory arthropods associated with soil 
were collected in the whole experimental area during the 
two seasons. Of this total, 96.59% belonged to 19 species 
of Hymenoptera, 2.09% to 11 species of Coleoptera, 0.84% 
to six species of Dermaptera, and 0.47% to six species of 
Araneae (Table 4).
In 2017, no difference between treatments in the com-
position of species of epigeous predators by taking into 
account the frequency of occurrence of individuals (Pil-
lai Trace = 0.204; F2,12 = 0.682; p = 0.6110) and species 
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richness (Pillai Trace = 0.042; F2,12 = 0.128; p = 0.9708) 
were observed. A similar trend occurred in 2018, in which 
no difference was observed between treatments with respect 
to the composition of species of epigeous predators by tak-
ing into account the frequency of occurrence of individuals 
(Pillai Trace = 0.196; F2,12 = 0.650; p = 0.6321) and species 
richness (Pillai Trace = 0.073; F2,12 = 0.226; p = 0.9208).
Discussion
One of the most prominent characteristics of M. rileyi is its 
capacity to naturally cause significant epizootics on the host 
population, differentiating it from other species in the same 
genus or even from other entomopathogenic fungi in the 
same order (Ignoffo 1981). The rate of infected larvae, which 
models the curve of the disease by this fungus in the field, is 
directly related to the density of susceptible hosts (Ignoffo 
et al. 1976b; Zabidi et al. 1983). Another important factor 
in triggering the disease caused by M. rileyi in lepidopteran 
populations is the availability of inoculum or primary and 
secondary focuses of the disease in sufficient quantity for its 
outbreaks (Allen et al. 1971; Ignoffo 1981; Chandler et al. 
2011). For this reason, applications of the fungus may antici-
pate outbreaks of the disease in the field, reducing damage 
to crops (Ignoffo et al. 1976b; Devi 1994; Grijalba et al. 
2018). The importance of both factors in the insect-pathogen 
interaction and the need for sequential applications of M. 
Fig. 1  Dynamics of Spodop-
tera frugiperda larvae (a) and 
percentage of larvae contami-
nated by Metarhizium rileyi (b), 
in maize plots with chemical, 
microbial, and control treat-
ments, during the 2017 crop 
season. Arrows indicate the 
timing of spraying with chemi-
cal insecticide and Metarhizium 
rileyi 
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Fig. 2  Dynamics of Spo-
doptera frugiperda larvae 
(a) and percentage of larvae 
contaminated by Metarhi-
zium rileyi (b), in maize plots 
with chemical, microbial, and 
control treatments, during the 
2018 crop season. The arrows 
indicate the timing of spraying 
with chemical insecticides and 
Metarhizium rileyi. Asterisk 
indicates significant difference 
— ANOVA
Table 2  Analysis of molecular 
variance (AMOVA) of genetic 
groups determined from 
polymorphic bands (ISSR) 
analyzed by Bayesian inference 
for Metarhizium rileyi isolates 
in the 2017 and 2018 crop 
seasons
df, degree of freedom; SS, sum of squares; Est. Var., estimated variation; %, total variance; Fst, Fixation 
Index (low (0–0.05), moderate (0.05–0.15), high (0.15–0.25), and very high (> 0.25), according to Wright 
(1978)); P, probability of having a variance component greater than the values observed at random
Variation df SS Est. Var % Fst P
Harvest 2017
Between groups 2 36.116 0.250 2 0.02 0.271
Within group 22 352.444 16.020 98
Total 24 388.560 16.270 100
Harvest 2018
Between groups 2 62.117 1.654 11 0.11 0.001
Within group 28 394.527 14.090 89
Total 30 456.645 15.744 100
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Fig. 3  Analysis of principal 
coordinates of Metarhizium 
rileyi isolates collected in maize 
plots in chemical, microbial, 
and negative control treatments 
during the 2017 (a) and 2018 
(b) crop seasons
Table 3  Genetic diversity of 
Metarhizium rileyi populations 
in areas subjected to different 
Spodoptera frugiperda control 
strategies in maize
N, number of isolates; Na, number of observed alleles; Ne, effective number of alleles (Kimura and Crow 
(1964)); h, Nei’s genetic diversity (1973); Is, Shannon’s information index (Lewontin (1972)); P (%), per-
centage of polymorphic
Population N Na Ne h Is P (%)
In 2017
Chemical 10 1.95 ± 0.228 1.40 ± 0.315 0.25 ± 0.152 0.40 ± 0.197 94.57
Microbial 9 1.84 ± 0.371 1.36 ± 0.302 0.23 ± 0.157 0.36 ± 0.217 83.70
Control 6 1.71 ± 0.458 1.36 ± 0.326 0.23 ± 0.178 0.35 ± 0.255 70.65
Total 25 1.99 ± 0.104 1.40 ± 0.276 0.26 ± 0.137 0.41 ± 0.176 98.91
In 2018
Chemical 9 1.84 ± 0.371 1.42 ± 0.337 0.26 ± 0.173 0.39 ± 0.236 83.72
Microbial 12 1.88 ± 0.348 1.47 ± 0.357 0.28 ± 0.180 0.42 ± 0.243 86.05
Control 10 1.83 ± 0.382 1.47 ± 0.377 0.28 ± 0.186 0.41 ± 0.252 82.56
Total 31 1.98 ± 0.152 1.51 ± 0.330 0.30 ± 0.158 0.46 ± 0.203 97.67
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Table 4  Abundance of epigeous 
predatory arthropods evaluated 
in maize plots in the chemical 
(CH), microbial (MC), 
and negative control (NC) 
treatments, during the 2017 and 
2018 harvests
Rate 2017 2018 Total
CH MC NC CH MC NC
Hymenoptera
Formicidae
Pheidole obscurithorax Naves, 1985 3 5 7 68 43 46 172
Pheidole sp. 34 75 13 18 45 10 195
Pheidole oxyofs Forel, 1908 2 0 1 11 5 7 26
Pheidole tristes (Smith, 1858) 62 33 33 12 11 19 170
Dorymyrmex brunneus Forel, 1908 430 358 511 182 147 96 1724
Brachymyrmex patagonicus Mayr, 1868 127 62 22 14 16 6 247
Camponotus melanoticus Emery, 1894 0 2 1 2 0 0 5
Cardiocondyla obscurior Wheeler, 1929 0 0 0 1 0 0 1
Cardiocondyla emeryi Forel, 1881 4 1 0 0 0 0 5
Pseudomyrmex termitarius (Smith 1855) 1 0 0 0 0 0 1
Anochetus targionii Emery, 1894 2 1 1 1 0 0 5
Hylomyrma sp. 2 6 1 0 1 0 10
Solenopsis sp. 13 4 6 9 13 4 49
Solenopsis substituta Santschi, 1925 46 33 25 110 149 86 449
Solenopsis invicta Buren, 1972 2 0 1 0 0 0 3
Gnamptogenys menozzi Borgmeier, 1928 0 1 0 4 1 2 8
Rasopone arhuaca (Forel, 1901) 0 0 0 0 1 0 1
Crematogaster evallans Forel, 1907 1 5 12 0 0 0 18
Crematogaster sp. 0 1 0 0 0 0 1
Coleoptera
Anthicidae
Anthicidae sp. 1 1 1 0 0 0 3
Carabidae
 Brasiella argentata (Fabricius, 1801) 1 0 0 0 0 0 1
Galerita collaris Dejean, 1826 0 0 0 1 2 0 3
Scarites sp. 1 0 0 1 0 0 2
Selenophorus alternans Dejean, 1829 1 0 2 0 0 1 4
Tetracha sp. 8 7 8 5 5 7 40
Tetragonoderus laevigatus Chaudoir, 1876 0 1 0 0 0 0 1
Staphylinidae
Aleocharinae sp.1 0 2 0 2 0 1 5
Aleocharinae sp.2 0 0 1 0 0 0 1
Xantolinini gen. Indet 0 1 1 1 0 3 6
Neohypnus sp. 0 0 1 0 0 0 1
Dermaptera
Anisolabididae
Euborellia annulipes Lucas, 1847 1 0 0 0 1 1 3
Forficulidae
Doru luteipes (Scudder, 1876) 0 0 0 1 0 0 1
Forficulidae sp.1 0 0 0 1 0 1 2
Forficulidae sp. 2 2 0 0 0 0 0 2
Forficulidae sp. 3 0 0 0 0 0 1 1
Labiduridae
Labidura riparia (Pallas, 1773) 5 6 6 1 0 0 18
Araneae
Corinnidae
Falconnina sp. 1 0 0 1 1 0 3
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rileyi to promote a more effective control of FAW in maize 
were evident in this study. The low density of larvae dur-
ing applications and the use of lower doses of conidia did 
not provide conditions for the establishment of the disease 
caused by M. rielyi in the first year. On the other hand, the 
increase in the insect population in the initial stage of the 
maize crop and the use of higher doses of conidia allowed 
the increase in the incidence of the disease in the following 
crop season, without direct or indirect negative impacts to 
the non-target arthropod community. Although the effect of 
fungus applications in 2017 has not been significant, in both 
years, the highest number of infected larvae occurred in the 
following weeks after the peak of larvae infestation.
Environmental factors, especially temperature condi-
tions and relative air humidity, may also directly influence 
the establishment of M. rileyi on its host populations in the 
field (Getzin 1961; Edelstein et al. 2005). In 2017, precipita-
tion volume was higher than in 2017 and the rains occurred 
throughout the experiment, even during the applications. On 
the other hand, in 2018, the rains were concentrated in the 
35 days after maize emergence. In other words, before the 
fungi applications. This may influence negatively the effi-
cacy of M. rileyi in 2017 once the rains can reduce the con-
centration of conidia from maize leaves (Inglis et al. 2000).
The effect of solar radiation on conidia may have been 
one of the explanations for the low performance of the fun-
gus in the first year, when the applications were always made 
in the morning. This effect was mitigated with applications 
in the late afternoon in the following year, taking advantage 
of the absence of radiation and the increase in humidity dur-
ing the night.
The genetic differentiation of fungal strains by molec-
ular markers allows verifying the actual establishment of 
the fungus sprayed in the field and the control effect of a 
certain target (Enkerli et al. 2004). The use of ISSR mark-
ers allowed identifying a change in genetic pattern in the 
fungus population on plots treated with CG381 in the year 
2018. Most of the isolates collected in these plots belonged 
to the same group as the sprayed strain, showing that the 
entomopathogen established in the field and coexisted with 
the native strain once we detected larvae killed by isolates 
genetically similar to the native strain in microbial treat-
ment as well. This is an important outcome to biological 
control, once there was an increment of M. rileyi in the agro-
ecossystem instead of suppression of native strain. The pres-
ence of isolates with similar genetic profile to the GC381 
in untreated plots may be related to a possible droplet drift 
during the fungus sprays. For instance, the isolate 18 was 
obtained from a caterpillar collected in the chemical treat-
ment at the end of March 2018, 1 day after the first spray-
ing, in a plot adjacent to two plots of the microbial treat-
ment. Although the establishment of the CG381 strain in 
the treated plots has not been clearly observed in the 2017 
harvest, five out of seven isolates, genetically similar to the 
CG381, collected in the chemical and control treatments 
were in plots adjacent to the microbial treatment. Besides, 
during this season, more conidia of M. rileyi could be 
spread to other plots due to the tractor-mounted bar sprayer 
movement.
As expected, infection of predators by the fungus was not 
observed, as well as negative effects on the abundance of 
predators in the microbial treatment plots. Matter and Sab-
bour (2013) describe that the damage caused by M. rileyi 
to other natural enemies is minimal or non-existent when 
compared to other entomopathogenic fungus species, since 
this species preferentially infects immature individuals from 
Lepidoptera (Fronza et al. 2017). During the 2 years evalu-
ated, no difference between the treatments regarding the fre-
quency and richness of epigeous predatory arthropod spe-
cies, especially ants (more than 90% of captured specimens) 
was observed, suggesting that the treatments did not influ-
ence the community of these natural enemies. Even using a 
high dose of conidia per hectare in 2018, which increased 
larval mortality of S. frugiperda by the fungus, the indirect 
effect related to the reduction of prey availability on the pop-
ulation of predators was not detected. Similarly, the applica-
tion of chemical insecticides to control FAW was harmless 
to the epigeous insect community, probably because of the 
Table 4  (continued) Rate 2017 2018 Total
CH MC NC CH MC NC
Lycosidae
Trochosa sp.1 0 0 0 0 1 0 1
Trochosa sp.2 1 0 0 0 1 0 2
Lycosa sp.1 1 0 2 0 1 0 4
Miturgidae
Teminius insularis Lucas, 1857 0 1 1 1 1 0 4
Titanoecidae
Goeldia sp. 0 0 1 0 0 0 1
Total 752 606 658 447 445 291 3199
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high precipitation rates during the experiment, which reduce 
the negative impacts of pesticides on the predator commu-
nity (Everts et al. 1989).
The predominance of generalist ants collected with pitfall 
ground traps in maize crop was also observed in other stud-
ies (e.g.Cividanes et al. 2009; Haddad et al. 2011) and some 
of these ants are recognized as important caterpillar preda-
tors (Souza et al. 2010; Oliveira et al. 2012; Frizzo et al. 
2020). However, the number of some generalist arthropods 
that may prey FAW (Araneae, Coleoptera, and Dermaptera), 
collected in all treatments, was low during the evaluation 
periods, not allowing to compare the direct and indirect 
influence of treatments applied on individuals belonging to 
these groups.
Therefore, it was verified through this study that the use 
of M. rileyi proved to be promising for the biocontrol of 
FAW in sequential applications at the beginning of the veg-
etative cycle of the maize crop and that its effect depends on 
the population density of the pest and the doses applied. In 
this study, we used very high concentrations of conidia of M. 
rileyi to detect the biological effect. Therefore, further stud-
ies such as formulation, selection of isolates more virulent, 
and spray technology are necessary to promote the economic 
viability of this fungus to control lepidopterans (Batta et al. 
2011; Brusselman et al. 2012; Pérez et al. 2021).
It should be noted that, although the strain establishment 
on FAW population after sequential applications has been 
detected, there was no suppression of native isolates in the 
same area. Considering FAW is an important species in soy-
bean crops in Brazil (Bernardi et al. 2014) and maize is 
double-cropped after the soybean harvest, strategies aimed 
at establishing of the fungus in the area seem promising for 
caterpillar mitigation in maize. Other noctuids that occur in 
soybean such as Anticarsia gemmatalis and Chrysodeixis 
includens are frequently infected and killed by M. rileyi. 
Despite certain existing host specificity of this fungus (Bou-
cias et al. 1982), native isolates or spraying selected strains 
in soybean may generate important infection sites to the sub-
sequent maize crop.
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